Twin boundary spacing effects on shock response and spall behaviors of hierarchically nanotwinned fcc metals Atomistic deformation mechanisms of hierarchically nano-twinned (NT) Ag under shock conditions have been investigated using a series of large-scale molecular dynamics simulations. For the same grain size d and the same spacing of primary twins k 1 , the average flow stress behind the shock front in hierarchically NT Ag first increases with decreasing spacing of secondary twins k 2 , achieving a maximum at a critical k 2 , and then drops as k 2 decreases further. Above the critical k 2 , the deformation mechanisms are dominated by three type strengthening mechanisms: (a) partial dislocations emitted from grain boundaries (GBs) travel across other boundaries; (b) partial dislocations emitted from twin boundaries (TBs) travel across other TBs; (c) formation of tertiary twins. Below the critical k 2 , the deformation mechanism are dominated by two softening mechanisms: (a) detwinning of secondary twins; (b) formation of new grains by cross slip of partial dislocations. Moreover, the twin-free nanocrystalline (NC) Ag is found to have lower average flow stress behind the shock front than those of all hierarchically NT Ag samples except the one with the smallest k 2 of 0.71 nm. No apparent correlation between the spall strength and k 2 is observed in hierarchically NT Ag, since voids always nucleate at both GBs and boundaries of the primary twins. However, twin-free NC Ag is found to have higher spall strength than hierarchically NT Ag. Voids can only nucleate from GBs for twin-free NC Ag, therefore, twin-free NC Ag has less nucleation sources along the shock direction when compared to hierarchically NT Ag, which requiring higher tensile stress to create spallation. These findings should contribute to the understandings of deformation mechanisms of hierarchically NT fcc metals under extreme deformation conditions. V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
Higher strength and toughness in the metallic materials are always desirable for structural applications both under conventional deformation conditions and under extreme deformation conditions. Such expectation can be realized through the emergence of several strategies in recent decades, such as, grain size refinement, solid solution alloying, and precipitating strengthening. 1, 2 More recently, engineering coherent twin boundaries (TBs) at the nanoscale have been regarded as an efficient way to achieve high strength while maintaining substantial ductility. [3] [4] [5] [6] [7] [8] [9] [10] However, these coherent nanotwins are generally embedded in ultrafinegrained (UFG) Cu thin film samples synthesized using the pulsed electro-deposition technique. 3, 4 Severe plastic deformation (SPD) techniques at high strain rates and low temperatures, such as dynamic plastic deformation (DPD), 11, 12 surface mechanical attrition treatment (SMAT), 13, 14 and surface mechanical grinding treatment (SMGT), 15 have been now widely used for processing of bulk materials with hierarchically twinned structures (HTS) from coarse-grained structures for fcc metals with low stacking fault energies (SFEs). For example, the secondary twins could be generated in the primary twins in the 304 stainless steels 16 and twinning induced plasticity (TWIP) steels 17 during the process of SMAT. Experiments have also shown that high rate and low temperature deformation may lead to formation of secondary twins inside primary twin/matrix lamellae in those fcc metals with medium SFEs such as Cu and Ni. 16, 18 Molecular dynamics (MD) simulations have proven to be particularly useful for modeling shock response and providing valuable physical insights and atomic-level deformation mechanisms for experimental results conducted at extreme conditions. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Previous MD studies on the shock response of nanostructured metals were mostly limited on twin-free nanocrystalline (NC) metals. [21] [22] [23] [24] [25] [26] [28] [29] [30] [31] [32] [33] [34] Unlike single crystal, the mechanical properties and microstructure evolutions in the NC metals under shock loading are expected to be affected by the presence of a large volume fraction of grain boundaries (GBs). For example, the voids were found to nucleate along GBs at the spall plane in NC Cu, and the spall strength of NC Cu at similar strain rates was found to be much smaller compared to that of single-crystal Cu. 23, 28, 30 The spall behaviors of NC Cu were found to be closely related to the impact velocity. 30 It was found that higher impact velocities resulted in higher strain rate and larger number of voids in smaller times, thus higher values of spall strengths. The shock compression behaviors of NC Cu were also found to be dependent on shock pressure. 21 An ultra-high strength behind the shock front was observed due to the high shock pressure and the suppression of GB associated plasticity, such as GB sliding, under shock loading. The position for the maximum strength was observed to shift to lower grain sizes with increasing shock pressure, also due to the suppression of GB associated plasticity. However, beyond a critical pressure, a drop in strength was observed due to high temperatures induced by adiabatic heating. In our previous work, 35 shock responses of polycrystalline Cu with nanoscale coherent TBs, including shockinduced plasticity, strength behind the shock front and spall behaviors, have been investigated. A transition in dominating deformation mechanisms behind the shock front was observed with decreasing twin boundary spacing (TBS). Above the critical TBS, the deformation mechanisms are dominated by dislocation-twin boundary intersecting. However, the deformation mechanisms are dominated by detwinning with twinboundary migration when TBS is lower than the critical value. Voids were always found to nucleate near the GB junctions and then grow along the GBs to create spallation for nanotwinned (NT) polycrystalline Cu, therefore no apparent correlation between the spall strength and TBS was observed in the NT polycrystalline Cu.
Stronger and tougher materials under shock loading could offer novel applications, such as improved armor systems. Recent experiments and theoretical models have shown that the HTS with the secondary twins at the nanoscale can be a novel nanostructured design to achieve higher strength and toughness both under conventional deformation conditions and under extreme deformation conditions. 16, [36] [37] [38] [39] So, it is highly desirable to examine the microstructure evolutions and underlying physics of deformation mechanisms for hierarchically NT fcc metals with low SFEs subjected to shock loading. In this regard, the focus of this paper is to understand the effect of spacing of secondary twins on the strength behind the shock front, spall strength, and related atomic-level deformation mechanisms in hierarchically NT Ag (a model material with low SFE) subjected to shock loading using MD simulations.
II. SIMULATION METHODS
The MD simulations have been carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code and Ag EAM potential developed by Williams et al. 40 To explore shock deformation mechanisms of hierarchically NT fcc metals, it is necessary to simulate grains larger than those possible in fully 3-dimensional simulations. In this regard, similar to the configuration used by Yamakov, 41 quasi 3-dimensional simulations with a columnar grain structure were considered. The thickness direction contains 12 atomic planes, and is along ½ 110 direction. The h110i column axis (z direction) ensures that, following their nucleation, dislocations can glide on either of two {111} slip systems in each grain, unimpeded by the 3D-periodic border conditions imposed on the simulation cell. 41 The typical relaxed hierarchically NT Ag for shock simulation is shown in Fig. 1 , with atoms colored according to common neighbor analysis (CNA) values. Gray color stands for perfect fcc atoms, red color stands for hcp atoms, and green color stands for grain boundaries (GBs), dislocation core, free surface and other atoms. A single line of hcp atoms represents a TB, two adjacent hcp lines stand for an intrinsic stacking fault (ISF), and two hcp lines with an fcc line between them indicates an extrinsic stacking fault (ESF). The same CNA color coding is used in the following figures. In Fig. 1 (a), a polycrystalline sample with 16 grains was constructed by the Voronoi method, and the average grain size d was fixed at 80 nm (the samples have dimensions of 320 Â 320 Â 1:88 nm 3 , and contain approximately 10 400 000 atoms). As shown in Fig. 1(b) , the boundaries for primary twins are split into TB 1st and GB 1st when the secondary twins are generated in the primary twins. As shown in Fig. 1(b) , both TB 1st and GB 1st are symmetrical ½ 110 tilt grain boundaries, in which TB 1st is special TB with R3ð111Þ and GB 1st is a boundary with R27ð115Þ. The spacing for the primary twins is called k 1 , while the spacing for the secondary twins is called k 2 . The same Voronoi grain structure and the same crystallographic orientations of all grains are retained as k 2 changes. The TBS for the primary twins is fixed at k 1 ¼ 25:50 nm, seven samples with initial uniform secondary twins of spacing k 2 ¼ 0.71, 4.25, 7.08, 9.92, 12.75, 17.00, and 21.25 nm were considered to investigate the TBS effect of secondary twins on the shock response of the hierarchically NT Ag. A corresponding twin-free NC Ag with the same grain size and grain structure is also simulated for comparison. Periodic boundary conditions were imposed along transverse directions (X and Z directions) to mimic one-dimensional (1D) strain shock loading, while the system was kept free in shock loading direction (Y direction). Before shock loading, the as-created samples were first subjected to energy minimization by the conjugate gradient method, then gradually heated up to the desired temperature in a step-wise fashion, and finally relaxed in the Nose/Hoover isobaric-isothermal ensemble (NPT) under both the pressure 0 bar and the desired temperature (1 K) for 100 ps.
To achieve shock-induced deformation, the first 2 nm of the sample was chosen as the piston and the atoms in the piston were given an impact velocity U p in the shock direction. Shock wave propagation and spallation were performed using a square pulse of 60 ps, which was applied to induce spall at the prescribed region. Shock simulations adopt the microcanonical NVE (constant number of particles, constant volume, without energy exchange with environment) ensemble. The time step for integrating the equations of motion was 2 fs. An impact velocity of 400 m/s was chosen here, at which the hierarchically NT Ag shows plasticity under shock compression, and this impact velocity was also found to generate enough tensile stress to induce spall. We divided the simulation cell into fine bins only along the shock direction (the 1D binning analysis) by neglecting the heterogeneities in the transverse directions, and the average physical properties were obtained in each bin, such as particle velocity (U p ) and stress (r ij ). The center-of-mass velocity of a bin was removed when calculating r ij from the decomposed virial method. 28, 42 The free surface velocity (U f s ) vs. time profile (t) was obtained from the particle velocity evolution at the target free surface. In order to calculate the strength behind the shock front and study the pressure evolution, we defined the von Mises flow stress as r f low ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi and the hydrostatic pressure P as P ¼ Àðr xx þ r yy þ r zz Þ=3.
III. RESULTS AND DISCUSSIONS
In our simulations, the piston is driven upward along the impact direction at a constant velocity U p , generating shock loading with a shock wave velocity U s . As we know, the stress and strain in the shock front are highly inhomogeneous and the strain rate in the shock front is really high. 21, 35 However, a steady state exists behind the shock front. The total volumetric strain (e) and normal stress (r yy ) behind the shock front are constant, and can be determined by e ¼ U p =U s ðde=dt ¼ 0Þ and r yy ¼ Àq 0 U p U s respectively, where q 0 is the density of the pre-shocked material. The strain rate within the shock front can be estimated by e divided by the rise time of shock front, i.e., de=dt % eU s D z , where D z is the shock front width. Fig. 2(a) shows a typical shock stress profile for the hierarchically NT Ag (k 1 ¼ 25:50 nm; k 2 ¼ 21:25 nm). These curves are obtained by 1D binning analysis from a snapshot at 60 ps after the piston begins to move. Portions of samples reached by the shock wave front undergo a fast deformation with strain rate of de=dt during the short rise time and then remain at constant strain (e ¼ 0:082), eventually relaxing the shear stress to a steady state. For samples investigated in the present study, the rise time is varied from 25 to 40 ps, so the strain rate is varied from 2:05 Â 10 9 =s to 3:28 Â 10 9 =s. The normal stress, r yy , is as high as À22 GPa when the impact velocity U p is 400 m/s, as shown in Fig. 2(a) . The average flow stress behind the shock front (within steady state region) is an important material parameter for application under extreme conditions, which can be calculated, via the von Mises flow stress as r f low ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
and various boundaries, such as GBs, GB 1st , TB 1st , and TB 2nd . In the present study, d and k 1 were fixed, while the effect of k 2 on the shock behaviors was investigated. Fig. 2(b) shows the von Mises flow stress profiles within steady state region for the hierarchically NT Ag samples with various k 2 . Moreover, the average flow stress in the steady state region as a function of k 2 for the hierarchically NT Ag is plotted in Fig. 2(c) , in which the data for the twin-free NC Ag is also included. For the same grain size d (80 nm) and the same spacing of primary twins k 1 (25.5 nm), it is found that the average flow stress behind the shock front in hierarchically NT Ag first increases with decreasing spacing of secondary twins k 2 , reaching a maximum strength at a critical k 2 , and then drops as k 2 decreases further. Moreover, all hierarchically NT Ag samples except the one with the smallest k 2 of 0.71 nm have higher average flow stress behind the shock front than that of twin-free NC Ag with the same grain size and grain structure.
Simulated deformation pattern based on CNA values after 60 ps shock propagation is shown in Fig. 3 in order to understand the atomistic deformation mechanisms of shockinduced plasticity in twin-free NC Ag. The corresponding amplified configurations for the marked rectangular areas in Fig. 3(a) are shown in Figs. 3(b) and 3(c) . As shown in Figs.  3(b) and 3(c) , the deformation mechanisms behind the shock front are dominated by partial dislocations, extended dislocations and formation of deformation twins for twin-free NC Ag. The deformation twins are generated by successive emissions of twinning partials from GBs at consecutive slip planes. Partial dislocation interactions from two different available {111} slip planes and formations of dislocation network are also observed to accommodate plastic deformation inside the nanocrystal, as shown in Fig. 3(b) .
Atomic level microstructure analysis was also conducted in order to understand the effect of spacing of k 2 on the shock-induced flow strength in the hierarchically NT Ag. Deformation patterns based on CNA values after 60 ps shock propagation for two samples with different k 2 (one sample with large k 2 of 21.25 nm, the other one with small k 2 of 0.71 nm) are shown in Figs. 4 and 5 , respectively. The corresponding amplified configurations for the marked rectangular areas in Fig. 4(a) are shown in Figs. 4(b)-4(d) , and it is clearly observed that the deformation mechanisms are dominated by the following three strengthening mechanisms when k 2 is large: (1) partial dislocations emitted from grain boundaries (GBs) travel across other GBs and TBs; (2) partial dislocations emitted from TBs travel across other TBs; (3) Formation of tertiary twins by successive emissions of twinning partials from TB 2nd at consecutive slip planes. As suggested in our previous research, 38 partial dislocations are also observed to nucleate from GBs or TBs, and then blocked by other GBs or TBs that leads to strengthening behaviors under homogeneous tensile deformation conditions. However, the third strengthening mechanism observed here is a new deformation mechanism for hierarchically NT metals with low SFEs under shock compression conditions and should also contribute to the observed strengthening trend with decreasing k 2 when k 2 is large. As shown in Fig. 4(b) , partial dislocations are observed to nucleate from general GBs or GB 1st , glide along one of slip planes and leave intrinsic stacking faults (ISFs) or extrinsic stacking faults (ESFs) behind, finally cut across and intersect with TB 2nd . TBs with low excess energies usually exhibit much higher thermal and mechanical stability, and can provide adequate barriers to dislocation motion for strengthening and also create more local sites for nucleating and accommodating dislocations. As shown in Fig. 4(c) , Partial dislocations are observed to nucleate from TB 1st /TB 2nd , and then traveling across and intersecting with TB 1st /TB 2nd . Three successive emissions of twinning partials from TB 2nd at consecutive slip planes are also observed to form tertiary twins inside the parallelogram surrounded by the boundaries of primary and secondary twins, as shown in Fig. 4(d) . The glide partial dislocations or twinning partials nucleated from GBs or TBs are blocked by other GBs or TBs, which is the main reason for strengthening and why the flow strength behind the shock front for hierarchically NT Ag increases with decreasing k 2 when k 2 is large. It also can be used to explain why the flow strength behind the shock front of hierarchically NT Ag is higher than that of twin-free NC Ag when k 2 is large.
The corresponding amplified configurations for the marked rectangular areas in Fig. 5(a) dislocations parallel to the TBs is negligible compared to the magnitude of flow stress shown in Fig. 2 . 6 Therefore, dislocations could glide easily along TBs once they are nucleated. So, the plastic flow of the hierarchically NT Ag should be controlled by the nucleation rate of dislocations parallel to TB 2nd when detwinning of the secondary twins is one of dominating deformation mechanisms. Smaller k 2 results in larger number of nucleation sources and higher nucleation rate of dislocations parallel to TBs, which giving rise to softening behaviors on the flow stress of the hierarchically NT Ag. Cross slip, in which dislocations leave their original planes, and propagate to another glide plane, can decrease internal stress fields exerted and circumvent stress intensities in the GBs, resulting in reduction of the strain hardening rate and flow stress with increasing strain. 43, 44 However, formation of smaller new grains by extensive cross slips of partial dislocations emitted from GB 1st /TB 1st is a special deformation mechanism for hierarchically NT metals with low SFEs under shock compression conditions, which should also contribute to the observed softening trend with decreasing k 2 when k 2 is small, as shown in Fig. 5(c) .
In order to understand the stress evolutions of the hierarchically NT Ag subjected to the square pulse of shock loading (60 ps duration), the shock stress profiles (P and Àr yy ) as a function of the Y coordinate for the hierarchically NT Ag (k 1 ¼ 25:50 nm; k 2 ¼ 21:25 nm) at various times are shown in Fig. 6 . Upon the shock compression wave, the sample is first compressed to reach a steady state with stresses of Àr yy $ 22 GPa and P $ 18 GPa at 60 ps. The compressed stresses are released and the material can move freely as the shock wave reaches the rear free surface and reflects as an unloading wave, as shown in Fig. 6(b) . The reflected release wave interacts with tail of the initial compressive wave, resulting in a tensile stress state at 120 ps, as shown in Fig. 6(c) . The release wave continues to propagate toward the piston at 130 ps, as shown in Fig. 6(d) . It is indicated that the material at the prescribed region undergoes a tensile stress state for tens of ps. The material will undergo spallation under this tensile stress state.
As we know, the spall strength of the materials can be calculated based on the typical pull-back signal from the free surface velocity profiles. So, the typical free surface velocity profile as a function of time for the hierarchically NT Ag (k 1 ¼ 25:50 nm; k 2 ¼ 21:25 nm) is shown in Fig. 7(a) 
. Where q 0 is the density of the pre-shocked material, U max and U min are the maximum and minimum velocities defined at B and C points in Fig. 7(a) , respectively, h s is the spall plate thickness which could be determined from spall position (approximately 140 nm), c l is the longitudinal wave velocity for elastic deformation, c b is the bulk sound velocity for plastic deformation, _ u 1 and _ u 1 are the velocity gradients ahead of the spall pulse and in its front. The density of the pre-shocked Ag is 10.49 g/cm 3 . U max , U min , c l , c b , _ u 1 , and _ u 2 could be determined from the free surface velocity profiles as suggested by Antoun et al., 45 and the values for different samples are listed in Table I . The spall strength for the hierarchically NT Ag (k 1 ¼ 25:50 nm; k 2 ¼ 21:25 nm) can be calculated as 8.07 GPa, based on the pull-back signal of Fig.  7 (a) and the above formula. Fig 7(b) shows the free surface velocity profiles as a function of time for the hierarchically NT Ag samples with various k 2 . The spall strengths for the samples with various k 2 are calculated based on the pull-back signals and the above formula. Then the spall strength as a function of k 2 for the hierarchically NT Ag is shown in Fig. 7(c) , in which the data for the corresponding twin-free NC Ag is also included. It is shown that the spall strength of the twin-free NC Ag is higher than those of hierarchically NT Ag, and no apparent correlation between the spall strength and k 2 is observed in hierarchically NT Ag. Fig. 8(a) .
In order to understand effect of k 2 on the spall strength of the hierarchically NT Ag, snapshots of a selected area in the spall region at different times for two samples with different k 2 (k 2 ¼ 21.25, 0.71 nm) are shown in Figs. 9 and 10 , respectively. The void nucleation and growth pattern for the twin-free NC Ag are also shown in Fig. 8 for comparison. The deformation configurations in Figs. 8-10 are all based on CNA values. As shown in Fig. 8 , although extensive dislocation behaviors are observed in the grain interior, the voids always nucleate near the GB junctions and then grow along the GBs for the twin-free NC Ag. The nucleation of voids is mainly attributed to mechanical separation and sliding of grains at the GB junctions, and the sizes of voids grow under the continue tensile shock deformation, and eventually resulting in the coalescence of voids and completely spallation. 8, 23, 28, 30 Previous quasi-static tensile experiments and MD simulations under various deformation conditions on NC metals [46] [47] [48] [49] also showed that fracture is intergranular manner and is initiated by the nucleation of voids at GBs and triple junctions through unaccommodated GB sliding.
However, the voids are always observed to nucleate at and grow along both the general GBs and the boundaries of Fig. 10(a) . primary twins for the hierarchically NT Ag independent of k 2 , as shown in Figs. 9 and 10. As mentioned earlier, the boundaries for primary twins are split into TB 1st (R3ð111Þ) and GB 1st (R27ð115Þ) when the secondary twins are generated in the primary twins. Both TB 1st and TB 2nd are coherent TBs, however, GB 1st is no longer coherent. Under shock tensile deformation, the general GBs and GB 1st are less stable and more prone to void nucleation than the coherent TB 2nd with low excess energies, leading to initialization of voids at the general GBs and the boundaries for primary twins. Since no presence of void nucleation at TB 2nd is observed, the spall strength of the hierarchically NT Ag is nearly independent of k 2 , as shown in Fig. 7(c) . As compared to the twin-free NC Ag, the hierarchically NT Ag samples have more void nucleation sites and sources along the shock direction, which giving a lower required shock tensile stress for spallation process.
IV. SUMMARY
Shock and spall behaviors of hierarchically NT Ag have been investigated by a series of large-scale molecular dynamics simulations in the present study. For the same grain size d (80 nm) and the same spacing of primary twins k 1 (25.5 nm), the average flow stress behind the shock front in hierarchically NT Ag first increases with decreasing spacing of secondary twins k 2 , reaching a maximum at a critical k 2 , and then decreases as k 2 become even smaller. Moreover, all hierarchically NT Ag samples except the one with the smallest k 2 of 0.71 nm have higher average flow stress behind the shock front than that of twin-free nanocrystalline (NC) Ag with the same grain size and grain structure. The deformation mechanisms behind the shock front are dominated by partial dislocations, extended dislocations and formation of deformation twins for twin-free NC Ag. However, the trend of the average flow stress behind the shock front with decreasing k 2 for hierarchically NT Ag is due to a transition in dominating deformation mechanisms, occurring at a critical spacing of k 2 for which strength is maximized. Above the critical spacing of k 2 , the deformation mechanisms are dominated by three type strengthening mechanisms: (a) partial dislocations emitted from grain boundaries (GBs) travel across other GBs and twin boundaries (TBs); (b) partial dislocations emitted from TBs travel across other TBs; (c) Formation of tertiary twins by successive emissions of twinning partials from TB 2nd at consecutive slip planes. Below the critical spacing of k 2 , the deformation mechanism is dominated by two softening mechanisms: (a) partial dislocations emitted from the boundaries of primary twins travel parallel to the TBs of secondary twins, leading to detwinning of secondary twins; (b) formation of new grains by cross slip of partial dislocations emitted from GB 1st /TB 1st . Since voids always nucleate near the grain boundary (GB) junctions and the boundaries of primary twins, and then grow along these boundaries to create spallation, no apparent correlation between the spall strength and k 2 is observed in hierarchically NT Ag. However, the spall strength of the twin-free NC Ag is found to be higher than those of hierarchically NT Ag. Voids can only nucleate from GBs for twin-free NC Ag.
Therefore, twin-free NC Ag has less nucleation sources for spallation along the shock direction when compared to hierarchically NT Ag, which requiring higher tensile stress to create spallation. These findings should provide insights for applications of hierarchically NT fcc metals under extreme deformation conditions.
